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Nowadays, the non-hydrocarbon gases are the main sources for gas injection projects in different
countries. The main advantages of the ﬂue gas injection are low cost, readily available sources
(which consists mainly of N2 and CO2) and low compressibility in comparison with other gases like
CO2 or CH4 (for a given volume at the same conditions). In addition, it occupies more space in the
reservoir and it is an appropriate way for CO2 sequestering and consequently reducing greenhouse
gases. In the aforementioned method, N2 and/or CO2 is injected into the oil reservoir for miscible
and/or immiscible displacement of remaining oil.
Moreover, a key parameter in the designing of a gas injection project is the minimum miscibility
pressure (MMP) which is commonly calculated by running simulation case or implementing con-
ventional correlations. From technical viewpoints, the lower MMP values are more ﬂavor for
miscible gas injection process due to lower injection pressure and consequently lower maintenance
and lower injection costs.
The main aim of this research is to investigate various gas injection methods (N2, CO2, produced
reservoir gas, and ﬂue gas) in one of the northern Persian gulf oil ﬁelds by a numerical simulation
method. Moreover, for each scenario of gas injection technical and economical considerations are
took into account. Finally, an economic analysis is implemented to compare the net present value
(NPV) of the different gas injection scenarios in the aforementioned oil ﬁeld.
Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
It's well known that EOR projects have been strongly inﬂu-
enced by economics and oil prices. EORmethods can be classiﬁed
into thermal methods, that are mostly intended for heavy oils
and non-thermal methods such as gas and chemical injection [1].
In the U.S., the number of chemical and thermal EOR projects
were in constant decline from mid-1980's to 2005 (Fig. 1). EORmadi).
troleum University.
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niversity. Production and host
creativecommons.org/licenses/bgas injection project statistics remained constant from mid-
1908's and exhibited a growing trend from 2000, especially with
the increase in CO2 projects. In 2002, EOR gas injection projects
outnumbered thermal projects for the ﬁrst time in 30 years [2].
Economical issue is the main obstacle to developing EOR tech-
nologies, there is increasing interest in gas injection because it is
relatively easy to apply, and comparatively inexpensive.
Flue gas, which consists of a considerable amount of N2 and
CO2, is a gas that can be used for EOR. The recovery mechanisms
associated with ﬂue gas injection are generally same as those
observed for pure CO2 and pure N2 injection [3e8] but it is based
on a readily available gas. The availability of ﬂue gas (and the
resulting lower cost) can be a major advantage for this gas in-
jection method.
Furthermore, the escalating concern for reduction of green-
house gas emissions has led researchers to invent or review and
revise all possible means of CO2 sequestration. By injection ofing by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
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Fig. 1. Evolution of EOR projects in the United States [2].
M.A. Ahmadi et al. / Petroleum 1 (2015) 217e222218ﬂue gas into depleting hydrocarbon reservoirs, CO2 present in
the ﬂue gas can be safely stored.
The objective of this paper is to investigate the performance
of ﬂue gas injection compared to N2, CO2 and natural gas injec-
tion in an Iranian oil reservoir. This evaluation is based on
experimental determination of MMP via slim tube test, full ﬁeld
simulation of the reservoir and an economic evaluation.2. Literature review
Nitrogen ﬂooding has been an effective recovery process for
high-pressured light oil reservoirs that are located in deep for-
mations. It's been proposed that in such reservoirs, increased oil
recoveries result under miscible conditions that favor vapor-
ization of light fractions of light oils and condensates [3]. While
N2 ﬂooding can increase recovery at miscible conditions for light
oil reservoirs, immiscible N2 injection has also been used for
pressure maintenance, cycling of condensate reservoirs, and as a
drive gas for miscible slugs [4]. Because of high capital and
operational costs associated with N2 injection, interest in this
recovery process has lowered. Even so, high pressure and high
temperature light oil reservoirs are still selected for N2 injection
if other gas sources are unavailable [5,6].
With the rising concerns for lowering CO2 emissions, CO2
injection is now generally considered for EOR with its dual
advantage of CO2 sequestration and improving oil recovery. But
while CO2 injection can increase oil recovery and maintain
reservoir pressure, it has a rapid breakthrough due to its low
minimum miscibility pressure [7]. Furthermore, since natural
sources of CO2 are usually far from oil reservoirs and considering
the costs associated with CO2 injection (capture, compression
and transportation), this kind of gas injection process may not be
economically reasonable in the absence of incentives for CO2
storage [8]. Moreover, another method for storing CO2 is
carbonated water injection into depleting hydrocarbon reser-
voirs as a secondary and/or tertiary enhanced oil recovery
method [9,10].
Another gas EOR method is recycling of produced hydrocar-
bon gas, which is referred to the injection of produced hydro-
carbon gases back into the oil reservoir. This gas injection
technique increases oil recovery by the pressure maintenance
mechanism. Considering the high costs of gas transportation and
the occasional difﬁculties with selling gas, produced gas will in
many cases be a hassle. For this reason, many operators prefer to
use the gas in the ﬁeld. The usual option is to implement a
continuous hydrocarbon gas injection scheme. It seems thismethod is better than N2 and CO2 injection due to compatibility
and miscibility of injected gas with reservoir ﬂuid [11]. However,
injection of hydrocarbon gas back into the reservoir will mean
that beneﬁting from a considerable amount of the reservoir's
natural gas will be delayed until gas recycling ceases. Further-
more, as the producing reservoir is depleted, hydrocarbon gas
injection is generally unable to achieve complete pressure
maintenance.
The advantages of previous techniques can be potentially
combined by injection of a mixture of CO2 and N2, which are the
main constituents of ﬂue gas (ﬂue gas consists of 85e88% N2 and
15e12% CO2) [12]. Injection of such mixture should delay the gas
breakthrough compared to a pure N2 injection, and enhance CH4
production due to displacement by CO2. Since ﬂue gas is readily
available as power plant exhaust, its injection eliminates costs of
pure CO2 separation [13].
Based on the previous researches, ﬂue gas injected into an oil
reservoir displaces light oil by a mass transfer mechanism in
which intermediate hydrocarbon components transfer from the
rich oil phase into the injected ﬂue gas. The process is followed
by condensation of heavier intermediate oil components from
the enriched gas phase into the liquid phase. Therefore, ﬂue gas
injection is a multi-contact process involving a combined
vaporizing-condensing gas drive mechanism [14]. From an
experimental approach, results show that with increase of the
CO2 fraction in ﬂue gas, the ﬂooding efﬁciency increases. This is
theoretically justiﬁed because compared to N2, CO2 has a supe-
rior ability to dissolve and extract and it causes swelling in crude
oil [15].
Gas injection is more efﬁcient when the gas is nearly or
completely miscible with in-situ reservoir oil [16]. Various
studies have investigated miscibility in gas ﬂoods [16e18].
Therefore, it's important to determine whether injected gas is
miscible with in-situ reservoir oil. This is done by study of the
MMP. The slim tube is generally used for determination of MMP
[19e24]. Various equations of state (EOS) can be used to model
the process, but the Peng-Robinson EOS is a popular method
[25].3. Governing equations
It is worth to mention that in this study we employed the
black oil model to simulate different gas injection scenarios. The
Darcy equations are used in the black oil model formulation as
expressed in eqs. (1) and (2). Fluid ﬂow formulation in the black
oil model can be expressed as follows:
uo ¼ KKro
mo
ðVPo  rogÞ (1)
ug ¼ KKrg
mg

VPg  rgg

(2)
ro ¼
rso þ rgs$Rso
Bo
(3)
rg ¼
P$Mw
ZRT
(4)
VðroqoÞ ¼
v
vt
½∅roSo (5)
Table 1
Composition of oil and injection gases.
Sample components Gas composition (Mol %) Oil composition
(Mol %)
Natural gas N2 CO2 Flue gas
N2 0.14 0.00 100 86.9738 0.07
H2S 0.418 100 0 0.0579 0.27
CO2 3.75 0 0 12.96 2.95
C1 75.04 0 0 0 49.01
C2 10.67 0 0 0 8.28
C3 6.19 0 0 0 5.54
iC4 0.75 0 0 0 1.01
nC4 1.62 0 0 0 2.55
iC5 0.38 0 0 0 0.74
nC5 0.42 0 0 0 0.82
C6 0.33 0 0 0 3.18
C7 0.18 0 0 0 2.57
C8 0.08 0 0 0 2.64
C9þ 0.03 0 0 0 20.37
Sum 100.0 100.0 100.0 100.0 100.0
Molecular weight 22.42 28.63 44.2 23.85 74
Volume
(based on 1 MMCF
reservoir gas volume)
1 e e 11.6 e
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
(6)
By replacing eqs. (1) and (2) into eqs. (4) and (5), we have:
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In which,
K ¼ Absolute permeability [mD]
Kro, Krg ¼ Relative permeability oil and gas [fraction]
Po, Pg ¼ Pressure in oil and gas phase [psi]
mo, mg ¼ Oil, water and gas viscosity [cp]
ro, rg ¼ Oil and gas density [lb/cuft]
Bo ¼ Oil formation volume factor [bbl/STB]
Bg ¼ Gas formation volume factor [bbl/SCF]
qo ¼ Oil rate in reservoir condition [bbl/day]
qg ¼ Gas rate in reservoir condition [cuft/day]
So, Sg ¼ Oil and gas saturation [fraction]
Rso ¼ Solution gas in oil [SCF/STB]
Ø ¼ Porosity [dimensionless]
T ¼ Time [day]
P ¼ Pressure [psi]
4. Methodology
A simulation study of the oil recovery behavior for Fahliyan
reservoir (Located in South-West Iran) was carried out with
different gas injection techniques to assess their relative perfor-
mance for EOR schemes. The reservoir ﬂuid is light oil with an API
of 38. The recovery factor of the aforementioned reservoir with
“depletion” strategy was primarily estimated at 17%. Moreover,
composition of the reservoir oil is illustrated in Table 1.
A commercial simulator (ECLIPSE 300) was employed to
simulate the dynamic reservoir behavior in each injection sce-
nario by considering conventional reservoir simulation without
fractures. The reservoir model consisted of 97,000 ﬁnite differ-
ence grid blocks. The reservoir's production history showed a
10 year plateau with a production rate of 110,000 STB/Day before
the beginning of production decline. Miscible injection of pro-
duced gas was initiated after the plateau period for re-
pressurizing the reservoir and maintaining production rate.
Two injectionwells are set on the crest of the reservoir. In the
ﬁrst gas injection scenario, produced gas is injected at a rate of
50 MMCF/Day from 2009 to 2043. On the other hand, in the
second scenario, a fraction of the produced hydrocarbon gas is
used to prepare ﬂue gas that is to be injected at a rate of
280 MMCF/Day, which is the maximum possible injection rate
according to the injection capacity of the plant. Finally, to
investigate the feasibility of N2 and CO2 injection, two other
scenarios are considered.As illustrated in Table 1, the produced reservoir gas consists
mostly of CH4. The composition of reservoir ﬂue gas is also
presented in Table 1. By use of chemical balance and considering
95% efﬁciency of the combustion process, 1 mol of produced gas
and 14mol of air with composition of 79% N2 and 20% O2 create a
ﬂue gas with 71% N2 and 10% CO2. It is assumed that vaporized
water to be separated from the ﬂue gas mixture. Moreover, it is
presumed that the heat of combustion is used for generating
electrical power and consequently the effect of thermal recovery
enhancement is neglected.
Based on Table 1, combustion of 50 MMCF/Day of the pro-
duced gases yields 700 MMCF/Day ﬂue gas. Since the plant's
injection capacity is 280 MMCF/Day, only 40% of the produced
gas can be used. Furthermore, to have 280 MMCF/Day ﬂue gas,
we should combust 40% of produced gases. Therefore in the
second scenario, ﬂue gas is injected into the oil reservoir at a rate
of 280 MMCF/Day. In the third and fourth scenarios, N2 and CO2
are injected into the reservoir at rates of 224 MMCF and
38 MMCF/Day, correspondingly. The selected injection rates for
N2 and CO2 were based on the ﬂue gas composition available in
Table 1. According to this table, the ﬂue gas consists of 71% N2 and
10% CO2 which correspond to injection rates of 224 MMCF and
38 MMCF/Day for the gases.
5. Results and discussion
Before explaining the technical evaluation of the gas injection
scenarios, it is worth tomention thatmodeling oil PVT properties
was done via PVTi software provided by GeoQuest. The results of
CCE and DL were imported into the simulation software. The
C12þ component was divided into three distinct groups of C12þ,
C20þ and C30þ and the Peng-Robinson EOS was used. Results of
simulation for GOR versus corresponding pressure are illustrated
in Fig. 2. Since the ﬂuid was light oil, Lohrenz-Bray-Clark corre-
lation was used for simulation of viscosity as demonstrated in
Fig. 3. Fig. 4 depicts the variation of recovery factor versus in-
jection pressure using numerical simulation. Moreover, Fig. 4
illustrates the value of MMP using simulator.
5.1. Technical evaluation
Based on the simulation outputs shown in Fig. 5, the ultimate
recovery of recycling produced gas (ﬁrst scenario) and ﬂue gas
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This shows an increase of 7% in recovery factor when ﬂue gas is
injected instead of produced gas. Furthermore, by considering
that the injection volumes of N2 and CO2 are the same as the
injection volume of ﬂue gas in the second scenario, N2 injection
gives 26% and CO2 gives 21% ultimate recovery.
It is expected that by increasing the injection rate, the pro-
ducing gas oil ratio (GOR) will increase. However, as shown in
Fig. 6, simulation results of GOR versus time reveal that while
ﬂue gas was injected with the highest injection rate, (280 MMCF
compared to 50, 224 and 38 MMCF for produced gas, N2 and CO2
injection, correspondingly), the producing GOR of ﬂue gas in-
jection is lower than the producing GOR of gas recycling and CO2
injection scenarios. It corresponds to the least amount of pro-
ducing GOR in ﬂue gas injection process. Since the MMP of ﬂue
gas is less than produced gas, ﬂue gas injection delays the gas
breakthrough phenomenon. This results in better sweepefﬁciency through ﬂue gas injection. The MMP difference of ﬂue
gas and natural gas may reach values up to 1000 psi with lighter
oils. Furthermore, in ﬂue gas injection, a greater volume of gas is
injected into the reservoir resulting in better pressure
maintenance.
Fig. 7 depicts a cross section of the simulated reservoir showing
the movement of injected gas front through the porous media for
produced gas (ﬁrst scenario) and ﬂue gas (second scenario). Even
though injection rate of produced gas is less than ﬂue gas, pro-
duced gas front has moved faster (earlier breakthrough) due to a
higher MMP. Fig. 8 also shows how ﬂue gas injection has consid-
erably delayed the breakthrough time. As ﬂue gas contacts the oil,
CO2 contained in the ﬂue gas transfers to the oil phase and
simultaneously, CH4 in the oil transfers to the gas phase. This two-
direction mass transfer may have resulted in a low dynamic IFT
andan interfacial instabilitywhichhelpeddistribute thegasphase
and diminish the viscous ﬁngering. Ideally, treated ﬂue gas con-
sists of 87%N2 and13%CO2withoutwater vapor or other corrosive
combustion products. CO2 is readily absorbed into the formation
water and reservoir oil, resulting in oil swelling and a decrease in
oil viscosity, permitting the oil to ﬂow more freely. N2 is not
absorbed in the oil at lowpressure butﬁlls the depleted reservoir's
void space andprovides a differential pressure to push oil from the
injector to producing wells.
5.2. Economic evaluation
According to the most recent data from the American Energy
Institute (AEI), the price of 1 MCF natural gas is about $3.35 and
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CO2 and ﬂue gas is about $0.8, $1 and $0.1, correspondingly [11].
The total gas injection proﬁt is calculated by considering the
increase in the oil production and the gas consumption. For
instance, in the case of ﬂue gas injection, in order to increase oil
recovery by %11, %40 of the produced gas is consumed and so %60
of produced gas is saved and accounted for in the calculation of
total proﬁt. Thus the proﬁt is calculated by the following
formula:
Total profit ¼ ð% increase in oil recovery OOIP
 $ oil price per barrelÞ
þ ð$ natural gas price per cubic feet
 amount of produced natural gas saved per day
 365 35Þ  ð$ 1 CF flue gas injection rate
 365 35Þ
As reported in Table 2, the total cost of injection is calculated
by considering the cost of equipment, injection wells and
transportation from the unit to injection well is equal for all
scenarios and consequently they can be neglected when
intending to compare the scenarios. The results reported in
Table 2 reveals that the ﬂue gas injection had more than twice as
proﬁtable as CO2 and natural gas injection, and superior to N2
injection for the reservoir under study.
In the calculation of proﬁts, price of ﬂue gas injection was
based on the price provided by the AEI. A local electrical power
plant can make ﬂue gas injection more cost-effective by
providing required ﬂue gases and generating electrical energy.
Furthermore, ﬁnancial incentives for reduction of CO2 emissions
add to the ﬁnal proﬁt.F/D produced gas (b): 280 MMCF/D ﬂue gas.
Fig. 8. Oil, gas and water saturation after gas injection after 33 years of production,
(a): gas recycling at injection rate of 50 MMSCF per day, (b): ﬂue gas injection at
rate of 280 MMSCF per day.
Table 2
Results of economical evaluation for each scenario.
Gas type Cost of capture,
compression
and transportation
($/MCF)
Rate of
injection
(MCF/D)
Total cost of
injection
(MM$)
Increase in
oil recovery
(%OOIP)
CO2 1 38,000 486.78 5%
N2 0.8 224,000 2296 9.70%
Natural gas 3.35 50,000 2146 5%
Flue gas 0.1 280,000 358.6 11%
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All the aforementioned results gained from numerical simu-
lation, following conclusions can be deduced taken into account :
1. Based on the outputs of the numerical reservoir simulation,
ultimate oil recovery is greatest for ﬂue gas injection,
sequentially followed by nitrogen, natural gas, and CO2
injection.
2. Full ﬁeld simulation of Fahliyan reservoir shows injection of
ﬂue gas results in greatest increase in oil recovery compared
to the produced gas, when 40% of produced gas is combusted
for generation of ﬂue gas. (Flue gas increases oil recovery by
11%, which is more than twice as much increase as produced
gas can achieve.) Flue gas recovery is also greater than CO2
injection and N2 injection when the same amount of CO2 and
N2 present in the ﬂue gas is injected separately.
3. Unlike gas recycling where gas is usually completely injected
back into the reservoir, %60 of gas is saved in ﬂue gas injection
and only %40 of gas is used for generation of ﬂue gas.4. In comparison with the produced-gas, CO2 and N2 injection
scenarios, the producing GOR of reservoir was lowest for ﬂue
gas injection and the gas-breakthrough was considerably
delayed even though ﬂue gas was being injected with highest
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